Abstract-An active all-optical high-efficiency broadband terahertz device based on an organometal halide perovskite (CH 3 NH 3 PbI 3 , MAPbI 3 )/inorganic (Si) structure is investigated. Spectrally broadband modulation of the THz transmission is obtained in the frequency range from 0.2 to 2.6 THz, and a modulation depth of nearly 100% can be achieved with a low-level photoexcitation power (~0.4 W/cm 2 ). Both THz transmission and reflection were suppressed in the MAPbI 3 /Si structure by an external continuous-wave (CW) laser. Enhancement of the charge carrier density at the MAPbI 3 /Si interface is crucial for photo-induced absorption. The results show that the proposed high-efficiency broadband optically-controlled terahertz device based on the MAPbI 3 /Si structure has been realized. In this work, we demonstrate that the transmittance of THz waves in the 0.2-2.6 THz frequency range through a film of methylammonium lead iodide (CH3NH3PbI3, MAPbI3) that has been spin-coated on a Si wafer can be modulated efficiently by external continuous-wave (CW) laser beams. The optically-controllable modulation properties of these MAPbI3/Si materials offer a route for efficient manipulation of both THz transmission and reflection. Both the THz transmission and reflection were suppressed in the MAPbI3/Si structure by an external CW laser. The enhancement of the charge carrier density at the MAPbI3/Si interface is essential for photo-induced absorption.
Time-resolved THz spectroscopy has been used as a noncontact ac probe to measure the dynamics of MAPbI3 photoconductivity, and has provided additional complementary information in the THz domain. 1 However, this type of material has not yet been applied to THz modulators and switches.
In this work, we demonstrate that the transmittance of THz waves in the 0.2-2.6 THz frequency range through a film of methylammonium lead iodide (CH3NH3PbI3, MAPbI3) that has been spin-coated on a Si wafer can be modulated efficiently by external continuous-wave (CW) laser beams. The optically-controllable modulation properties of these MAPbI3/Si materials offer a route for efficient manipulation of both THz transmission and reflection. Both the THz transmission and reflection were suppressed in the MAPbI3/Si structure by an external CW laser. The enhancement of the charge carrier density at the MAPbI3/Si interface is essential for photo-induced absorption.
II. RESULTS
Methylammonium iodide (CH 3 NH 3 I, MAI) was synthesized as reported elsewhere. Briefly, methylamine (CH 3 NH 2 ) (33 wt% in aqueous ethanol, Sigma-Aldrich) and hydroiodic acid (HI) (57 wt% in water, Alfa Aesar) were stirred at 0 °C under nitrogen (N2) atmosphere for 2 h. After removing the solvent by a rotary evaporator, a white powder of MAI was formed. Then the precipitate was washed with diethyl ether several times and dried at 50 °C in a vacuum oven overnight. Methylammonium lead iodide (CH 3 Figure 1(a) shows the normalized power spectra for THz transmission through the MAPbI3/Si structure under various levels of laser irradiance. It points out that the insertion loss was approximately 18% and the peak transmission changed with the excitation. Particularly, the THz transmission decreased gradually with increasing laser intensity, dropping to less than 6% of the original value at an intensity of only 0.4 W/cm2, corresponding to a power of 25 mW.
A more detailed study showed that the MAPbI3/Si structure is particularly advantageous for silicon with respect to the modulation depth that is obtainable at low photo-excited intensities; a Si structure is used for comparison. Figure 1(b) shows the dependence of the amplitude transmission averaged over a frequency window ranging from 0.2 to 2.6 THz on the basis of the power of the modulation beam. At low photoexcited intensities, the transmission through the MAPbI3/Si structure is significantly lower than that through pure Si. To evaluate the modulation performance of the samples, the modulation factor MF, which is defined as the change in the integrated transmitted THz power caused by the photo-excited intensity, is introduced as follows:
Where and are the transmitted THz powers when the laser is switched on and off, respectively. Figure 3(c) depicts the dependence of MF on the modulation beam power when averaged over the frequency region from 0.2 to 2.6 THz. This behavior is similar to the observed attenuation behavior shown in Figure 1(b) . At a laser intensity of 0.42 W/cm2, the MF of the MAPbI3/Si structure is 0.93, while the MF of Si is only 0.07. As the intensity increased in excess of 0.42 W/cm2, the photo-doping in the MAPbI3/Si structure began to saturate. However, the photo-doping in Si maintains a linear slow rise characteristic with increasing intensity levels. As a comparison for graphene, the saturation intensity of a graphene/Si structure is 40 mW (1.27 W/cm 2 ), which is much higher than that of the MAPbI3/Si structure. As a result, MAPbI3/Si is shown to be an advantageous material system that can be used as an active To evaluate the spatial modulation capability of the MAPbI 3 /Si hybrid structure, an infrared pump THz imaging system was used to demonstrate this terahertz functional device. In this experiment, a 1951 USAF 1X resolution test chart was inserted into the control beam and projected onto the MAPbI 3 /Si. The imaging procedure of the system has been referred in detail in Ref. 5 . The THz images of a certain region in the test chart at 1.14 THz under light excitation were shown in Fig. 2 . It points out that the THz images can be clearly distinguished in Si [ (Fig. 2 (a) ] and MAPbI 3 /Si hybrid structure [ (Fig. 2 (b) ], which indicates that both of the THz modulators can achieve resolution better than 140 μm.30 In other words, the phenomenon certifies that the photo-carriers diffuse equally in both MAPbI 3 /Si and silicon. Thus, the MAPbI 3 /Si with high modulation depth and high efficiency would surpass the pure silicon in THz imaging. 
III. SUMMARY
An active all-optical high efficiency broadband THz device based on a CH3NH3PbI3 (MAPbI3)/Si structure is investigated. Spectrally broadband modulation of the THz transmission is obtained over a frequency range from 0.2 to 2.6 THz, and a modulation depth of nearly 100% can be achieved with low-level photo-excitation power of ~0.4 W/cm2. Both THz transmission and reflection were suppressed in the MAPbI3/Si structure by application of an external CW laser. The enhancement of the charge carrier density at the MAPbI3/Si interface is essential for the photo-induced absorption. The results show that an active high-efficiency broadband optically-controlled THz device has been realized in the MAPbI3/Si structure.
